Abstract-The power density of electrical machines for transport applications has become a critical aspect and target of optimization. This paper looks at the development of an intelligent, rapid, flexible, and multidomain tool to aid for system-level optimization of electrical machines within next-generation high power density applications. The electromagnetic, thermal, and mechanical aspects are wholly integrated, thus enabling the optimization including the nonactive mass. The implementation and overall architecture of the tool are described, and using a case study drawn from the aerospace industry, the tool is used to compare the power density of various surface permanent magnet topologies including single airgap and dual airgap machines, highlighting the particular suitability of the dual rotor topology in achieving the best power to mass ratio. Finally, the accuracy of the tool is highlighted by practical realization and experimental validation.
by Toyota and Nissan [1] , respectively. Current hybrid vehicle research programs are targeting in excess of 6 kW/L for the 2020 electrical machine challenge proposed by the U.S. Department of Energy [2] , [3] . On the other hand, for the aerospace industry, mass minimization, rather than volume, is critical and the key power density metric is the power to mass ratio or kW/kg, with various numbers published to show achievements of particular developments, such as a recent 5.2 kW/kg by Siemens for a light electric aircraft [4] . Fig. 1 shows two often cited recent developments within the automotive and aerospace industries which present new points of reference for the current state of the art.
Engineers working on the system concept and integration of the aforementioned more electric transport architectures often face a bottleneck when it comes to the electrical machine. Whilst comprehensive libraries of say, high speed bearings, or high speed turbines are normally available either through supplier input or in-house designs, for the high-performance electrical machines targeted in such work, the available data is very limited. Doing machine sizing in a manual manner for the range of options which the system architects want to investigate is too much time consuming and impractical due to the number of permutations involved, while narrowing down the options risks in missing the system optima altogether. From the foregoing discussion, clearly a tool is required to rapidly generate and assess optimal electrical machine solutions based on defined constraints taking into account the various sciences involved.
This paper describes the development of such a tool. In the first part the methodology, behind the tool development and its implementation are described. The tool is then adopted and used for an aerospace application where it is required to compare the achievable kW/kg for various permanent magnet (PM) machine configurations under an intense cooling regime, with the intent of establishing, which PM machine topology yields the best power to mass characteristic.
II. REQUIREMENT AND METHODOLOGY
At the early stages of transport electrification projects, the known data with which the system architects start is typically quite limited in nature. This often includes fundamental items, such as the power rating based on the vehicle size, a speed range based on existing turbines or engine designs, together with a list of available coolants. For the example in hand, the power node investigated of 1 MW has to be achieved at a single speed only, and a family of existing turbines within speeds from 8000 to 20 000 rpm are available. While the overall goal of maximizing the kW/kg is known, other items such as the volume, or aspect ratio of the machine are not specified and can be accommodated by the system designers who are often starting from a blank (flexible) design space.
Surface permanent magnet (SPM) machines are known to be capable of achieving the highest power-densities [5] for a single power-speed design point requirement. However, various types of SPM machines exist (inner rotor (IR), outer rotor (OR), dual-airgap, etc.) and it is not immediately obvious which of the aforesaid SPM configurations gives the best kW/kg if the volume is left unconstrained.
Finally, in determining which type of SPM machine yields the best kW/kg, therefore, targeting mass minimization, it is important that the inactive mass is considered within the optimization procedure. By way of example, considering a previously developed high power density aerospace motor, the inactive mass is as high as 34% of the total machine mass [6] . In many classical optimization approaches, the optimization is first done on the electromagnetics, then a housing is designed around the optimized electromagnetic design. However, the housing can be a very significant proportion of the total mass and integrating the housing design with the overall machine kW/kg optimization has high potential for extra power density entitlement.
Appropriate multidomain calculators, which serve as the essential building blocks with which the kW/kg optimization is performed, are required. To this end, for each SPM topology considered, electromagnetic, thermal, and mechanical analytical models are developed, as shown in Fig. 2 .
The arbitrary SPM machines are defined in terms of their characterising geometries, constituent materials defined by their magnetic, mechanical and thermal properties, as well as the coolant properties which include the coolant temperature and flow rate. The following sections detail the multidomain calculators implemented and used within the optimization tool. 
III. ELECTROMAGNETIC CALCULATOR
The analytical electromagnetic calculations are performed on any arbitrary geometry defined for the topologies under investigation. The geometrical parameters of the considered machine topologies are shown in Fig. 3 , which include single air gap machines, namely the IR and the OR topologies. Furthermore, dual air gap machines are also considered namely the dual stator (DS) and the dual rotor (DR) topologies. An ideal Halbach array structure is selected for the rotor of the IR, OR, and DR topologies, allowing to achieve high fundamental air-gap flux densities whilst reducing the harmonic content [7] , and the amount of soft magnetic material required for the rotor core. The electromagnetic model for the considered topologies is for a three-phase single layer distributed winding, with an additional winding group for the (DS) machine. The material selected for the stator structure consists of multiple ultrathin cobalt-iron laminations in a thickness of 0.05 mm which represents a best-in-class material in terms of saturation flux density and high frequency core losses. The arbitrary machine geometry is initially used to compute the no-load magnetic field according to the analytical model of machines with a Halbach array [8] . Under linear behaviour of magnetic materials, the solution for the fundamental of the radial component of flux density in the air gap for the IR and OR topologies is given in [7] . The flux density estimation for the DS topology had been described in [9] .
The flux density in the air gaps of the DR machine is evaluated by the introduction of auxiliary virtual PMs [10] that represent the influence of ferromagnetic teeth on the magnetic field. The phase rms value back EMF for the IR, OR, DS, and DR designs is then calculated by the following equation:
where W ph is the number of turns per phase, f e is the electrical fundamental frequency, K w is the winding factor, and Φ 0 is the no load fundamental flux linkage per pole calculated by the following equation:
In the above equation, B r is the average value of the fundamental radial flux density component in the air gap, p is the number of rotor pole pairs, L is the active axial length, and R st the radius of the stator surface.
The machine is analyzed in generation mode. The d-q axis model is adopted with the rotor considered aligned to the qaxis. Imposing the d-axis current to zero, the resulting phasor diagram is shown in Fig. 4 . The phase current I ph can then be estimated from the following equation:
where P el is the electromagnetic power, m is the number of phases, and η is the efficiency. The number of turns is limited by the fixed dc-link voltage which is set to 2 kV while the winding resistance is calculated considering a slot fill factor of 0.5. The reactance is calculated by means of analytical expressions [11] , and the power factor is thus derived accordingly. For the loss calculation, the dc copper losses and the iron losses are considered. The flux densities for the iron loss calculation are evaluated by means of a linear magnetic circuit calculation and considered as average values on the overall structure. The armature current flux density is evaluated using the approach described in [12] .
Given the specific loss of a lamination material say at a frequency of 60 Hz and at an induction of 1 T-W Fe 60,1 , for any stator fundamental frequency-f s , and iron flux-density level B s , the specific iron losses can be approximated from [13] where B s is the on-load flux density [9] .
IV. MECHANICAL CALCULATOR
For the mechanical calculator, the input is the same arbitrary active electrical machine geometry of Fig. 3 , together with the mechanical properties of the constituent materials. Based on these inputs, the mechanical calculator estimates the mass of the active materials (i.e., mass of copper, magnets, and iron) and also sizes an appropriate housing around the active geometry with the intent of calculating the nonactive mass. axial cross section (left) and radial cross section (right) with the colour grey denoting the stator housing, colour green denoting the rotor shaft, colour yellow for the stator laminations, colour brown for the copper, and colour red/blue for the permanent magnets.
Continuing with the case of the IR topology, there are a total of eight inactive parts which are sized for a mechanical factor of safety of at least 1.5 and assuming the machine to be foot mounted. The aforesaid eight inactive parts are numbered in Fig. 5 and listed in Table I . The stator housing (grey) is made up of items#1-#3 which correspond to two cylindrical shells (item#1), enclosing end-flanges (item#2), and cooling channels. All the aforesaid components are made of lightweight aluminium having a density of 2700 kg/m 3 in order to minimize the mass.
The rotor assembly supporting the Halbach magnet array is also made up of three constituent parts, items#4-#6 correspond-ing to a rotor shaft made of high strength, magnetically permeable 17-4ph stainless steel which has a hollow cross section to minimize the mass (item#4), two rotor balance plates made of stainless steel (item#5), and a lightweight carbon-fiber sleeve (item#6) which retains the magnet under compression. Prestress is applied within the carbon-fiber sleeve to ensure that a positive pressure is kept on the magnets throughout the operational speed range as described by the following equation:
where P prestress is the prestress pressure, while P mag speed P sleeve speed are the pressure of the magnet and the sleeve, respectively, due to centrifugal affects. The calculation of these depend on the speed, material density as well as the radii of the sleeve and magnet [22] While ensuring that the condition described by (5) is satisfied, the maximum pressure applied on the sleeve should not result in the stress within the sleeve reaching values beyond the yield strength of the sleeve material as described by the following equation:
where σ prestress is the stress due to the preload pressure, σ sleeve speed is the sleeve stress at the overspeed condition, and σ material is the material yield strength. Apart from maintaining the stress of the various components within a safe limit, in sizing the inactive parts it is also important to ensure that there is sufficient torque transmission capability. To this end a minimum shaft diameter D min is calculated based on the torque transmission requirement as described by the following equation:
where T is the shaft torque, and J is the hollow shaft's polar moment of inertia. With the minimum shaft diameter determined, the bearing inner diameter can, therefore, be selected. For the drive-end, a cylindrical bearing is selected (item#7), while for the nondriveend a pair of back-to-back angular-contact bearings are used (item#8), as shown in Fig. 5 . In determining the bearing mass, linear correlations between bearing inner diameter and mass of the bearing are derived based on the available bearing data [14] , as shown in Fig. 6 .
The procedure for calculating the inactive mass around arbitrary geometries of the OR, DS, and DR topologies follows a similar methodology to that described for the IR and hence, does not necessitate a detailed description. The cross sections for these machines are shown in Fig. 7 with the same color coding maintained as with the IR machine.
For the OR topology, as shown in Fig. 7(a) , the rotor assembly is made-up of a lightweight structure in titanium, with the magnets attached at the inside of the aforesaid structure. Titanium is used for the rotor inactive material since the large rotor diameter would result in a comparatively large inactive mass if stainless steel were to be used as with the IR topology. The DS topology structure is conceptually similar to the OR, with an external stator and stator housing added, as shown in Fig. 7(b) . Finally, for the DR topology, the internal rotor assembly has a rigid connection by an end-disk to the external one. The stator core of the machine is supported by bars through the stator laminations which are fixed to a mounting plate at one end of the machine, as shown in Fig. 7(c) .
V. THERMAL CALCULATOR
For the thermal calculator, the inputs are the same arbitrary electrical machine geometries as well as the thermal conductivities of the materials used. In addition to these, the thermal calculation tool requires as inputs the coolant thermal properties such as the density, viscosity, and conductivity, the inlet temperature and the flow-rates. Based on the aforesaid inputs, together with the calculated machine losses from the electromagnetic calculator, the thermal calculator estimates the temperatures at various locations within the electrical machine. The cooling technique strongly impacts the power density level [15] and for the purpose of this paper intensive, high flow-rate direct oilcooling [6] is considered, as described in the following sections since the framework of this research targets high power density.
In order to efficiently extract the heat out of the machine, it is best to locate the heat sink as closely as possible to the heat source. The minimization of the thermal resistances between the heat sources and the coolant enables efficient heat removal [16] - [18] . For the SPM machines under investigation, rectangular cooling channels are thus created in the stator slots, back iron, and teeth, as shown in Fig. 5 , where most of the heat generated by the copper and iron losses is located.
Referring to Fig. 5 for the case of the IR topology, oil flows into the flooded stator chamber from the nondrive end of the machine, impinging on the end-winding surfaces through multiple jet-nozzles, as shown by the black arrows. The oil at the nondrive end chamber is forced to flow through the cooling channels in the stator core, and within slots, shown by the white and blue arrows, respectively, in Fig. 5 . A thin sleeve is applied in the airgap to ensure that the rotor chamber is free of oil and this helps avoid high windage losses since the machine is running at high speed. A separate oil flow is also added to the machine housing-jacket, as shown by the yellow arrows in the aforesaid figure.
Based on the above cooling concept, a lumped parameter thermal model is developed. For convective heat transfer, the heat transfer coefficients inside the rectangular cooling channels depend on the flow patterns. The flow patterns are in turn determined by the evaluation of the Reynolds number Re, defined as [19] 
where U is the flow velocity in the cooling channel, D h is the hydraulic diameter, and v is the viscosity of coolant in the cooling channel. The velocity in the cooling channels can be calculated from [16] 
where H and W are the height and width of the rectangular cooling channels, respectively, and V is the volume flow rate in each cooling channel. When the Reynolds number Re of the flow in cooling channel is less than 2300, the flow is said to be laminar, whilst when higher than 2300 the flow in the cooling channels is turbulent. For laminar flow, the heat transfer coefficient h can be calculated from [18] 
while for turbulent flow [17] 
where Nu is the Nusselt number which is defined as the ratio of convective to conductive heat transfer of the cooling channel, k f is thermal conductivity of the cooling fluid, and Pr is the Prandtl number of coolant. From (10) and (11), the heat transfer coefficient at the cooling channels in the slot, tooth, back iron, and machine housing can be determined. For the end winding cooling, the heat transfer coefficient is estimated based on previous experimental work by the authors and measured to be around 1000 to 3000 W/m 2 K depending on the flow rate and oil jet design [6] .
The cooling strategy and procedure for calculating the thermal performance of the OR, DS, and DR topologies follows a similar methodology to that described for the IR, as shown in Fig. 7 , with the same color-coding used for the coolant flow arrows as with the IR machine.
VI. OPTIMIZATION MODEL
The preceding sections have described the main aspects behind the development of electromagnetic, mechanical, and thermal calculators with defined inputs and outputs for the analysis of any arbitrary SPM machine geometry. The combination of the three domains in a single MATLAB script acts as a multidomain evaluation calculator. This can be readily used within the optimization problem [20] , [21] , where it is required to maximize the kW/kg considered as the key performance metric for this study.
In order to determine the optimum designs for the different SPM topologies presented, a genetic algorithm which is embedded in the commercial optimization software modeFrontier is used. The optimum machine design is sought in a wide search space defined by the rotor speed and pole pairs which are limited by the maximum fundamental electrical frequency of 1.5 kHz permissible by the power-electronic converter. The optimization model, as shown in Fig. 8 , for the case of the IR topology, consists of a so-called "scheduling project node" and a "nested optimization procedure." In essential terms, the scheduling project node initializes the polepairs and speed variables for the nested optimization procedure. For each combination of speed and pole-pair numbers defined in the "scheduling project node," the aforesaid parameters are transferred as input parameters to the "nested optimization procedure." Continuing with the example of the IR topology, the machine geometry is characterized by seven defining variables, grouped under the heading "Input Variables," shaded in blue in Fig. 7 and related with the geometry presented in Fig. 3 . These variables are the split ratio "k" stator inner diameter "S ID " aspect ratio "k_form" magnet height "M height ," tooth width coefficient "TW coeff " tooth height coefficient "TH coeff ," and carbon fiber sleeve thickness "SL th ." These parameters are easily understandable by the electrical machine designer and allow us to parameterize the main geometry of the machine. The defining input variables and their relation to the machine geometries for each topology shown in Fig. 3 are listed in Table II. With the range and number of discrete values set for the input variables, the next step is to define the Design of Experiment (DoE), the optimization algorithm, and the multidomain calculation scripts, as shown and shaded in brown in Fig. 8 . For the DoE, based on the upper and lower limits together with the number of discrete values for the seven input variables, an initial population of machine designs is generated using a pseudorandom sequence.
The initial population is typically set to around 300. The optimization algorithm is selected to achieve fast computation and solution robustness. The final part in the solver options core is the MATLAB interface block enabling information exchange between the algorithm and the multidomain calculators presented in the previous sections.
This interface enables the optimization to access the electromagnetic-thermal-mechanical model and return the results to the optimization algorithm. This brings the setting-up of the optimization problem to the third and final level, shaded 
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[OS] Fig. 8 , in which the output variables and optimization targets are defined. The problem in hand is singleobjective in nature, targeting the minimization of the machine total mass (active plus nonactive parts). In achieving this target, a number of constraints are defined on the outputs. The first two constraints "T endsmax " and "T coilmax " relate to the thermal limitations, and ensure that for any design to be considered feasible the temperature in the winding must not exceed a defined limit, which for the case in hand is set as 200°C corresponding to class C insulation. Also related to the thermal domain, minimum practical cooling channel areas are defined by the parameters "Slot ChW " and "Tooth ChW ." For a design to be considered feasible the power factor "PF" and the efficiency "eff" must also be higher than defined thresholds (in this case power factor over 0.75 and efficiency over 97%) while the on-load tooth and core flux densities are limited to up to 2.1 T according to the BH characteristics of the chosen material. The final output variable constraints relate to the mechanical domain and impose a peripheral speed "Periph_speed" of up to 350 m/s and a rotor factor of safety "SF sleeve " above 1.5. The optimization has been performed on a PC with Quad Intel Xeon 3.5 GHz CPU, 32 GB of installed RAM and takes around 2 to 2.5 h for the optimization and generation of one design. To generate a topology chart consisting of 25 design points, as shown in Fig. 9 , the total time required is around 62 h. 
VII. SPECIFIC POWER CHARACTERISTICS OF 1 MW PM MACHINES FOR AEROSPACE APPLICATIONS
Using the methodology described in the previous section, the four radial SPM machines are optimized for a range of speeds from 8 to 20 krpm considering different pole numbers corresponding to an upper frequency limit of 1.5 kHz. The machine power was taken equal to 1 MW. The coolant flow rate is 150 L/min with an inlet temperature of 50°C. Fig. 9 shows the results of the optimization with the power-density (kW/kg) plotted against the number of pole pairs for different rotor speeds.
For a fixed output power, the trend is for the power density to increase with the speed due to multiple factors. The lower torque requirement for increasing speeds leads to a reduced airgap radius and thus a smaller machine size. From the same figure, it is noted that for each speed clearly there is a pole pair number that yields the best power-density. As the pole number (and hence machine frequency increase), the iron mass for a given working flux density reduces, as does the copper loss due to the reduced length of turn, however, the specific iron losses increase due to the higher eddy-currents. The optimum balance between the copper and iron losses is sought by the optimization algorithm and the result depends on the electrical frequency, electrical steel thickness, and the thermal management.
In order to understand the power density and comparative PM topology trends of Fig. 9 , it is important to put things in perspective. Focusing deeper on the results of the optimization, the total mass of each design and its segregation into various active and inactive components is presented in Fig. 10 . On the same figure, the ratio of the active with respect to the total mass k A/T is plotted on the secondary y-axis. The total mass as well as the active-to-total mass ratio reduce with the increase in the rotor speed. This is mainly caused by the reduction in size due to the lower torque. Significant differences in the distribution of the active and nonactive mass for the different topologies across different speeds can be observed. It can be, therefore, deduced that the power-density achieved when optimizing the active elements only and adding the inactive parts postoptimization, differ to those obtained if the nonactive parts are included within the optimization algorithm, as proposed in this research.
Further important observations can be made when the losses and the maximum machine operational temperature are considered. In Fig. 11 , the losses pertaining to the different optimized SPM topologies are segregated. The efficiency limit of 97% imposed by the application translates to a maximum level of admissible losses of 30 kW represented by the dashed red line in the aforesaid figure. It is observed that the iron losses increase with the rotational speed and the number of pole pairs, however, they are always significantly lower than the copper losses. The comparatively high amount of copper losses suggests that the intensive cooling strategy proposed which involves direct slot cooling enables the very high current densities of the order of 25 A/mm 2 , which is the main source of power density entitlement.
The maximum temperatures calculated for the different optimized SPM designs are also plotted on the secondary y-axis of Fig. 11 . The temperature limit of 200°C imposed by the class C insulation is represented by the dashed black line on the same figure. It can be noticed that the machines are thermally limited for lower pole numbers due to the lower number of cooling channels within the stator structure, therefore, resulting in a reduced surface for heat transfer. The windage losses are negligible in comparison to the other machine losses.
The optimization results can be analyzed and discussed further considering the data presented in Fig. 12 . In this figure, five differently shaped markers ( , •, , ♦, ) represent the limits that the optimization algorithm hits in achieving the highest power-density design for the four investigated SPM topologies. In most cases, the optimization algorithm results in saturated designs with high working flux-densities which represent the electromagnetic limits of the structure indicated by the ( ) B sat limit. Having high working flux-densities in the iron helps in reducing the size and consequently the weight of the machines, however, this also reduces the surfaces for heat extraction. The power factor limit (•), which is set to a minimum value of 0.75, results in being a limiting factor mainly for the DR and IR topologies. Since all designs have a fixed air-gap length, the slot geometry impacts the leakage inductance and thus the power factor plays a role in combination with the flux density saturation limit. Interestingly, the efficiency ( ) and the temperature limits (♦) are distributed in a mutually exclusive way: the designs which are efficiency limited are not in general thermally limited and vice-versa.
For lower speeds, the designs are mainly efficiency limited, while for higher speeds, the designs are primarily thermally limited, as with the reduced volume at high speeds, besides the increase of the power density, the cooling system needs to cater for the increased loss-density, and hence thermal management becomes critical.
Finally from Fig. 12 , the mechanical peripheral speed limits ( ) are not normally a constraining factor within the optimization except for few cases.
The proposed multidomain optimization tool and methodology enables the investigation of a variety of design combinations and its flexibility is demonstrated by the comparison of different SPM machine topologies in achieving state-of-the-art power densities.
The comparison of the power-density variation with the pole number for the four SPM topologies at 20 krpm is shown in Fig. 13 , highlighting the particular suitability of DR topology in achieving the highest power to mass ratio with the defined cooling strategy, materials as well as under no volumetric constraints.The DR topology makes advantage of the double air-gap structure, has no stator back-iron and includes two Halbach arrays that significantly increase the flux density in the active part of the machine. From the same figure, the DR is followed by the IR, OR, and DS configurations in terms of achieving high power densities.
VIII. TOOL VALIDATION
The described optimization procedure is implemented on an IR machine requirement specification. Due to size limitations and other practical considerations, the machine to be optimized and designed is scaled to a lower power level of 160 kW and higher speed of 32 000 rpm. The machine is still intensively cooled with an oil-flooded stator chamber as that described in Section V, the oil inlet temperature being 120°C, albeit the flow rate reduced to 15 l/min due to the available system pump rating. Table III lists the variables optimized together with the respective ranges.
The maximum fundamental frequency which the converter can be operated to is 2 kHz, which corresponds to a maximum pole number of 6. Fig. 14 shows the variation of the powerdensity with pole number, with the dashed red-line representing the maximum converter operational frequency. Taking this frequency limitation into account a 6-pole configuration with a corresponding power density of 7.5 kW/kg is selected for prototyping for the application in hand. Fig. 15 shows the prototyped machine including the lightweight aluminium housing (blue) and the carbon-fibre-wrapped rotor. The comparison between the masses as optimized with the design software and the actual masses of the realized design (considering further practical manufacturing adjustments) are shown in Fig. 16 , highlighting the accuracy of the proposed tool in estimating the nonactive mass.
IX. CONCLUSION
This paper presented and described the essential building blocks and methodology in developing a rapid tool, which can be used to explore wide search spaces and compare different types of electrical machines at early stages of system integration. For the investigated case, it was shown that 1) very high levels of kW/kg of the order of magnitude claimed in [4] are possible through the described highly intensive cooling strategies together with the integrated optimization of the inactive mass components and 2) the DR topology achieves the highest power density compared to the other radial SPM topologies. While the example and methodology focuses on maximizing the power density kW/kg, a similar integrated multidomain approach can be also readily applied to optimize for other goals typically sought in various industries such as kW/L and $/kg, enabling the system architects to investigate multiple solutions involving electrical machines effectively and take the appropriate system-level decisions.
